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rate estimation is that the only effect of tem- 
perature is on the kinetics of precipitation. This 
assumption is not valid, however, when por- 
tions of the metal are quenched locally but 
reheated significantly before quenching is 
complete. 



Age Hardening 

After solution treatment and quenching, 
hardening is achieved either at room tempera- 
ture (natural aging) or with a precipitation heat 
treatment (artificial aging). In some alloys, suf- 
ficient precipitation occurs in a few days at 
room temperature to yield stable products with 
properties that are adequate for many applica- 
tions. These alloys sometimes are precipitation 
heat-treated to provide increased strength ajnd 



hardness in wrought or cast products. Other 
alloys with slow precipitation reactions at 
room temperature are always precipitation 
heat-treated before being used. 

In some alloys, not^ly those of the 2xxx 
series, cold worldng of freshly quenched mate- 
rial greatly increases its response to later pre- 
cipitation heat treatment Mills take advantage 
of this phenomenon by applying a controll^ 
amount of rolling (sheet arid plate) or stretch- 
ing (extrusion, bar, ard plate) to produce 
higher mechanical properties. However, if the 
higher properties are used in design, reheat 
treatment must be avoided. 

Natural Aging. The more highly alloyed 
members of the 6xxx wrought series, the copper- 
containing alloys of the Ixxx group, and all of the 
Ixxx alloys are almost always solution heat- 
treated and queiKhed. For some of these alloys, 
the precipitation hardening that results from natu- 



ral aging alone produces useful tempers fT3 and 
T4 types) that arc characterized by high ratios of 
tensile to yield strength, high fracture tou^iness, 
and high retistanoe to fkigue. For the alloys that 
arc used in these tempers, the relatively hi^ 
supeisaturation of atoms atkl vacancies retained 
by rapid quenching causes rapid formation of GP 
zones, and strength increases rapidly, attaining 
nearly maximum stable values in four or five 
days. Ibnsile property specifications for products 
in T3- and T4-type tempers are based on a nonti- 
nal natural aging time of four days. In alloys for 
which T3- or T4-type tempers arc standard, the 
changes that occur on furthCT natural aging arc of 
relatively minor magnitude, and products of these 
combinations of alloy and tempers arc regarded 
as essentiaUy stable after about one week. 

In contrast to the relatively stable condition 
reached in a few days by Ixxx alloys that are 
used in T3- or T4-iype tempers, the alloys 
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Fig. 22 Aging characteristics of aluminum sheet alloys at room temperature, at 0 ®C (32 ®F). and ai -1 8 ®C (0 ®F). (continued) 
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Fig. 22 (continued) Aging characteristics of aluminum sheet alloys at room temperature, at 0 *C (32 ®F), and at -1 8 ®C (0 ®R 



and to an even greater degree the Ixxx alloys 
are considerably less stable at room tempera- 
ture and continue to exhibit significant changes 
in mechanical properties for many years. The 
differences in rate and duration of changes in 
tensile yield strength of representative alloys of 
the thr% types are illustrated in Fig. 22. Be- 
cause of the relative instability of th^ Ixxx 
alloys, the naturally aged temper (after solution 
heat treatment and quenching) is designated by 
the sufiTu letter W. Fora speciiic descr4>tion of 
this condition, the time of natural aging should 
be included (example: 7075- W, I month). 

Aging diaracteristics vary from alloy to al- 
loy with respect to both time to initial change 
in mechanical properties and rate of change, 
but aging effects always are lessened by reduc- 
tions in aging temperature (see Fig. 22). With 
some alloys, aging can be suppressed or de- 
layed for several days by holding at a tempera- 



ture of -18 ®C (0 ®F) or lower. It is usual 
practice to complete forming and straightening 
before aging changes mechanical properties 
appreciably. When scheduling makes this im- 
practical, aging may be avoided in some alloys 
by refrigerating prior to forming. It is conven- 
tional practice to refrigerate alloy 2024-T4 riv- 
ets to maintain good driving characteristics. 
Full-size wing plates for current-generation jet 
aircraft have been solution heat-treated and 
quenched at the primary fabricating mill, 
packed in dry ioe in specially designed insu- 
lated shipping containers, and transported by 
rail about 2000 miles to the aircraft manufac- 
turers plant for forming. 

Unanticipated diffrculties may arise as a 
result of fadute to control refrigerator or pan 
temperature closely enough. If opoiing of the 
cold box to insen or remove parts is done too 
frequently, the cooling c^>acity of the refrig- 



erator may be exceeded At times, die rale at 
which heavy-gage parts can be cooled in a 
still-air cold box has been found to be insuffi- 
cient This problem has been solved in one 
plant by imme^g parts in a solvent at -40 ®C 
(-40 before placiig them in the lefiTgerator. 

The T34ype tempers are distinguished 
from T4-type \anpas by significant medianical 
piopeny differences that result from cold work 
strain hardening associated with oenain mediani- 
cal operations performed after queiK^hing. Roller 
or stretcher leveling to achieve flatness or 
straightness introduces modest trains (of die or- 
der of 1 to 4%) that cause changes in mechanical 
properties (primarily, increases in strength). Fur- 
drer increases in strmgth can be obtained cold 
rolling, additional stretching, combinations of 
these operations, or (for products sudh as hand 
forgings) compressive deformation. These c^iera- 
tions followed by natural aging alone (nopiecipi- 
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Fig- 23(a) Aging characteristics of alloy 2014 sheet 



taiion heat tneatmem) pioduce T3-type tempers. 
An additional digit is used to indicate a variation 
in strain hardening that results in significant 
changes in properties. In the most recently intro- 
duced 2xxr aiimii alloy, 2324, high strength is 
achieved by cold-rolling plate to a T39 temper. 

Precipitation heat treatments generally 
are low-temperature, long-term processes. Tem- 
peratures range from 1 15 to 190 ®C (240 to 375 
®F); times vary from 5 to 48 h. 

Choice of time-temperature cycles for pre- 
cipitation heat treatment should receive careful 



consideration. Larger particles of precipitate 
result from longer times and higher tempera- 
tures; however, the larger particles must, of 
necessity, be fewer in number with greater dis- 
tances between them. The objective is to select 
the cycle that produces the optimum precipi- 
tate size and distribution pattern. Unfortu- 
nately, the cycle required to maximize one 
property, such as tensile strength, is usually 
different from that required to maximize oth- 
ers, such as yield strength and corrosion resis- 
tance. Consequently, the cycles used represent 



compromises that provide the best combina- 
tions of properties. 

Production of material in T5- through TIO- 
type tempos (see the article “Alloy and Tem- 
per Designation Systems*' in this Volume) 
necessitates precipitation heat treating at ele- 
vated temperatures (artificial aging). Although 
the hardening precipitate developed by this op- 
eration is submicroscopic, stnictures before 
and after precipitation heat treatment often can 
be distinguished by etching metallographic 
specimens. In aluminum alloys in the solution 
heat-treated and quenched condition, the color 
contrast between grains of differing orienta- 
tions is relatively high, particularly in 2xxx 
series wrought alloys and 2xc.O series casting 
alloys. The contrast is noticeably decreased by 
precipitation heat treatment. 

Differences in type, volume fraction, size, 
and distribution of the precipitated particles 
govern properties as well as the changes ob- 
served with time and temperature, and these 
are all affected by the initial state of the struc- 
ture. The initial structure may vary in wrought 
produas from unrccrystallized to rccrystal- 
lized and may exhibit only modest strain from 
quenching or additional strain from cold work- 
ing after solution heat treatment These condi- 
tions, as well as the time and temperature of 
precipitation heat treatment affect the final 
structure and the resulting mechanical proper- 
ties. 

Because the mechanical properties and 
other characteristics change continuously with 
time and temperature, as shown in Fig. 23(a) to 
23(d) for three wrought alloys, treatment to 
produce a combination of properties corre- 
sponding to a specific alloy-temper combina- 
tion requires one or more rather specific and 
coordinated combinations of time and tem- 
perature. Both parameters are subject to practi- 
cal limitations. Recommended commercial 
treatments often are compromises between 
time/cost factors and the probability of obtain- 
ing the intended properties, with allowances 
for variables such as composition within speci- 
fied ranges and temperature variations within 
the furnace and load. Use of higher temperatures 
may reduce treatment time, but if the temperature 
is loo high, characteristic features of the precipi- 
tation hardening process reduce the probability of 
obtaining the required properties. 

T6 and T7 Tempers. Precipitation heat 
treatment following solution heat treatment and 
quenching produces T6- and T7-type tempers. 
Alloys in T6-type tempers generally have die 
flight strengths practical without sat^cing the 
minimum levels of other properties and charac- 
teristics found by experioice to be satisfactory 
and useful for engineering applications. Alloys in 
T7-type tempers are overaged, which means that 
some degree of strength has been sacrificed to 
improve one or more other characteristics. 
Strength may be sacrificed to improve dimai- 
sional stability, particularly in products intended 
for service at elevated temperamres, or to lower 
residual stresses in order to reduce warpage or 
distortion in machining. T7-type tempers fre- 
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Fig. 23(b) Aging characteristics of alloy 2024 sheet (see also Fig. 23d) 



quently are specified for cast or foiged ^gine 
parts. I^ec^itation heat treating temperatures 
used to pr^uce these tempers gsner^y are 
higher th^ those used to produce T6-type tem- 
pers in the same alloys. 

7\vo important groups of T7-type tempers, 
T73 and T76, have ban developed for the 
wrought alloys of the Ixxx series, which con- 
tain more than about 1 .25% copper. These tem- 
pers are intended to improve resistance to 
exfoliation corrosion and stress-corrosion 
cracking, but as a result of overaging, diey also 



increase fracture toughness and, under son^ 
conditions, reduce rates of fatigue crack propa- 
gation. The T73 temper has greatly minimized 
stress-corrosion cracking of large and conq)lex 
machined parts made of these alloys, which 
occasionally occurred with TS-type tenors. 
Additional information on the effect of various 
tempers on the corrosion resistance of alumi- 
num alloys can be found in the article Xoiro- 
sion Behavior^’ in this Volume. 

The precipitation heat treatment used to 
produce the T73 and T76 tempers consists 



either of a two-stage isothermal precipitation 
heat treatment or of heating at a controlled rate 
to a single treatment temperature. The micios- 
tructural/electrochemical relationships that are 
required in order to achieve the desired corro- 
sion-resisting characteristics can be developed 
by using only a single-stage precipitation heat 
treatment above about 150 ®C (300 ®F), but 
higher strength is obtained by preceding this 
with a lower-temperature stage or with a slow- 
controlled heatup. Extended natural aging can 
provide the same results, but the times required 
at room temperature are impractical. Hther 
during the preliminary stage or during slow 
heatup, a fine, high-density dispersion of GP 
zones is nucleated. Either the time and tem- 
perature of the first step or the rate of heating 
must be controlled to produce GP zones that 
will not dissolve but will transform to the ^ 
precipitate when heated to the, aging tempera- 
ture above 1 50 ®C (3(X) ®F), The aging practice 
that produces the results in the shortest time 
depends on the GP-zone solvus temperature. 
This temperature, in turn, depends on vacancy 
concentration (a factor influenced by solution 
heat-treating temperature and quench rate) and 
on composition. If first-step aging time is too 
short, if first-step aging temperature is too far 
below the GP-zone solvus, or if hearing rates 
are too high, the GP zones will dissolve above 
150 ®C (3(X) ®F), and the resultant coarse and 
widely distributed precipitate will provide 
lower strength. The T7^temper treatments 
have the same operational sequence but em- 
ploy second-stage heating only long enough to 
develop a resistance to exfoliation corrosion 
higher than that provided by the T6-type tem- 
pers. Materials in the T73 temper ato have 
high resistance to exfoliation corrosion. 

Recommended treatments to produce T5- 
and T6-type tempers, and those of the T7-type 
employed for dimensional and property st^i- 
liz^on, provide adequate tolerance for normal 
variations encountered with good operating 
practices. On the other hand, the T73, T74 
(formerly T736), and T76 tempers for alloys 
7049, 7050, 7075, 7175, and 7475 involve 
changes in strength that occur significantly 
more rapidly at the temperatures employed in 
the second stage of the T7x precipitation heat 
treatment cycle conq>ated to the changes oc- 
curring at the temperatures employed to pro- 
duce the T6 temper. 

As illustrated in Fig. 24, variations in soak 
rime of several hours, and variations in soak 
temperature of up to 11 ®C (20 ®F) from the 
nominal aging practice of 24 h at 120 X (250 
®F), affect the strength of 7075-T6 by as much 
as 28 MPa (4 ksi). In contrast, similar vari- 
ations in second-step soak time and tempera- 
ture for 7075-T73 — ihat is, variations for 24 h 
at 165 ®C (325 °F>— affect strength by \sp to 
150 MPa (22 ksi). 

Consequently, control of bodi temperature 
and rime to achieve the mechanical properries 
and corrosion resistance specified for these 
tempers is more critical th^ the control re- 
quire in producing the T6-type temper. More- 
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over, rate of heating from the first to the second 
aging step must be considered, because pre- 
cipitation occurs during this period. 

Heat treaters attempt to overcome these 
problems by empiric^ly modifying soak 
times to compensate for precipitation dur- 
ing heating and for the effects of soaking 
at temperatures above or below the nomi- 
nal. A method has been developed (Ref 8) 
that permits quantitative compensation for 
the effects of precipitation during heating 
and the effects of soaking either above or 
below the recommended temperature. For 
overaging, these effects can be described 
by the following equation: 

rs=rcxp-^^ + ej (Eqs) 

where YS is yield strength; T is a term having 
units of strength that is dependent on alloy, 
fabrication, and test direction; tc is time at 
soak temperature; Fys is a temperature-de- 
pendent term; and 

® = (Eq6) 

where t is time during heating. 

Equation 5 provides the basis for se- 
lecting a nominal aging time that will re- 
sult in the desired yield strength. It gives 
the furnace operator a method of compen- 
sating for heating rate and for differences 
between desired and attained soak tem- 
peratures. 

Specifics will be illustrated using data 
for alloy 7050. The value of (in hours) 
for 7050 can be calculated by the follow- 
ing equation: 



(Eq7a) 

where Tp is temperature in ®F, or 



^rs- l-45x KT^^cxp 



^18,090 ^ 

r, J 



(Eq 7b) 



where Tk is temperature in K, 

In one experiment, lengths of 7050-W 
(4 days) extrusions were aged at 24 h at 
120 ®C (250 ®F) plus the equivalent of 3 to 
42 h at 165 (325 ®F). For the second 

step, a logarithmic heatup was used in 
which 10 h were required for the load to 
reach 155 ®C (315 ®F) and the nominal 
soak temfrerature was 165 ®C (325 ®F). 
Figure 25 indicates that yield strength gen- 
erally agreed with the values predicted us- 
ing Eq 5. The deviation of the curve for 
short-transverse strength at the short aging 
times indicates that the method is inade- 




Fig. 23(c) Aging characteristics of alloy 6061 sheet 



quate for predicting strength on the un- 
deraging side of the aging curve. 

The effects of neglecting to compensate 
for soaking at temperatures other than the 
nominal can be large (Fig, 26). For example, 
the calculated difference in strength between 
alloy 7050 extrusions soaked 29 h at 160 ®C 
(320 ®F) and at 165 (325 °F) is about 50 

MPa (7 ksi), and the calculated difference in 



strength between 7050 extrusions soaked 
29 h at 155 °C (315 °F) and at 170 (335 

®F) is about 100 MPa (14 ksi). 

. Neglecting to compensate for time 
spent heating the work to the soak tempera- 
ture will increase the variability. Strength loss 
attributed to heatup was 14 MPa (2 ksi). 

These kinetic relationships also can assist 
in selection of equivalent aging times for alter- 
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Fig. 23(d) Effects of cold work after quenching and before aging on tensile properties of alloy 2024 sheet 



nate second-stq) aging temperatures. Equa- 
ticms 5 and 7 can be reananged to yield the 
following equation: 



f2 = f, exp 



32^62 
7, +460 



32.S62 
72 + 460 



(Eq8) 



where t\ is aging time at temperature 7i, is 
aging tinoe at temperature 72 that will provide 
equivalem yield scragth, and 7i and72arein®E 
For example, die time at 175 ®C (350 ®F) equiva- 
lent to aging alloy 7050 for 29 h at 165 ®C (325 
°F) is calculated as follows: 



t330 = 29 / exp ( 1 .28 ) = 29 / 3.6 = 8 h 



Thermomechanical effects on aging occur 
from defonnaiion after solution heat treatmem. 
The defomiatkm step may be warm or cold, and 
it may occur before, after, or during aging. The 
smallest thennomedianical practices are those of 
the conventional T3-Qpe, T8-type, or T9-type 



tempers. The rate and extent of precipitation 
strengthening are distinctly increa^ in some 
alloys by cold working after quenching, whereas 
othCT alloys show little or no added strengthening 
when treated by this sequence of operations. 

Alloys of the 2xxc series, such as 2014, 
2124, and 2219, are particularly responsive to 
cold work between quenching and aging, and 
this characteristic is the basis for the higher- 
strength T8-type tempers. The strength im- 
provement accruing firom the combination of 
cold working and precipitation heat treating is 
a result of nucleation of additional precipitate 
particles by the increased strain. In some ^oys 
of the 2xxx series, strain introduced by cold 
working after solution heat treatment and 
quendiing also incudes nucleation of a finer 
precipitate dispersion that increases strength. 
Depending on the temper, however, toughness 
may be adversely affected, as illustrated in Fig. 
27 for 2024 sheet 

Strengthening from thennomechanical 
processing is the basis for the higlrer-stroigth 
T8-type tempers of alloys 2011, 2024, 2124, 
2219, and 2419, which are produced by apply- 



ing ccmtrolled amounts of cold roUing, stretch- 
ing, or combinations of these operations. Nor- 
mally, cold work is introduced by stretching; 
however, other methods can be used, such as 
cold rolling. Recently, 2324-T39 was devel- 
oped. The T39 temper is obtained by cold roll- 
ing approximately 10% after quenching, 
followed by stretching for stress relief. This 
type of approach results in strengths similar to 
those obtained with T8 processing, but with the 
better toughness and fatigue characteristics of 
T3-type products. Alloys 2024, 2124, and 2219 
in T8-type tempers are particularly well suited 
forsuperscmic and military aircraft; alloy 2219 
in sudi tempers and alloy 2014-T65 were the 
principal materials for the fuel and oxidizer 
tanks (which also served as the primary struc- 
ture) of the Saturn V space vehicles. Re-solu- 
tion heat treatment of mill products supplied in 
these tempers can result in grain growth and in 
substantially lower strength than is normal for 
the original temper. Such reheat treatment is 
not recommended. 

Alloys of the Ixxx series do not respond 
favorably to the sequence of operations used to 
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Aging time, h 

Fig. 24 Iso-yield-strength curves for alloy 7075 



produce T8-type tempers, and no such tempers 
are standard for these alloys. The strains asso- 
ciated with stretching or compressing of Ixxx 
alloys have relatively little effea on the me- 
chanical properties of material that is precipi- 
tation heat-treated to T6-type tempers. On the 
other hand, these operations have measurable 
detrimental efiFects on final strength when T73, 
T736. or T76 tempers are produced, particu- 
larly in the direaion opposite the direction of 
cold work. Accordingly, specification proper- 
ties are somewhat lower for the stress-relieved 
versions of these tempers. Decreasing the over- 
aging time to compensate for the loss in 
strength is not advisable, because this would 
impair development of the desired corrosion 
ch^cteristics. 

Temperature control and uniformity pre- 
sent essentially the same problems in precipita- 
tioa heat treating as they do in solution heat 
treating. Good temperature control and uniform- 
ity throu^KMit the furnace arxl load are required 
for aU precipitation heat tieaiirig. Reconnnended 
tenq)eranires are generally those that are least 
critical arxl can be used with practical tirne cycles. 
Except for Ixxx alloys in T7-type tempers, these 
temperatures generally allow some latitude and 
should have a high probability of meeting prop- 
erty specification requirements. Furnace radia- 
ticHi effects seldom m troublesome except in 
those few furnaces that are used for both solution 
and precipitation heat treating. Generally, such 
situaticHis should be avoided, because the high 
heat capacity needed for the higher temperatures 
may be diffkult to control at normal aging tem- 
peratures. 

Soak time in precipitation heat tieatmg is rK)t 
difficult to control; the specified times cany 
rather broad tolerances. Heavier loads with parts 
racked doser tog^her, and even nested, are not 
abnormal. The prindfxd hazard is undeisoaking 
due to gross excesses in loading practices. Some 
r^ons of the load may teach soak temperature 
long after soak time has been called. Placement 
of load thermocouples is critical, and limiting the 
size and spacing of a load may be necessary for 
aging to the 173 and T76 tempers. As discussed 



above, soak time is not as critical for peak-aged 
(T6- and T8-type) tempers. 



Hardening of Cast Alloys 

In general, the principles and procedures 
for heat treating wrought and cast alloys are 
similar. The major differences between solu- 
tion treating conditions for castings and those 
for wrought products are found in soak times 
arxl quenching media. Solution of the rela- 
tively large microconstituents present in cast- 
ings requires longer soaking periods than those 
used for wrought products (Table 5). When 
heat treatment of castings must be repeated, 
solution times become similar to those for 
wrought products, because the gross solution 
aixl homogenization has been accomplished 
arxi is irreversible under normal conditions. 
Reduction of stresses and distortion from 
quenching is also important, because castings 
generally are complex shapes with variations 
in section thickness. 

Different casting processes and foundry 
practices also result in microstriictural differ- 
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Effect of aging temperature on yield 
strength of alloy 7050^1736 
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Aaual versus predicted yield strengths 
for alloy 7050 extrusions 



ences with relevance to heat treatment practice, 
because the coarser microstructures associated 
with slow solidification rates require a longer 
solution heat treatment exposure. Therefore, 
the time required at temperature to achieve 
solution is progressively shorter for invest- 
ment, sand, and permanent-mold castings. 
Foundry practice (chilled, gating, type of 
mold) also plays an important role in the re- 
sponse of a casting, or a portion of a casting, to 
heat treatment For example, thin-wall sand 
castings produced with extensive use of chills 
can often display finer microstructures than 
heavy-section permanent-mold parts produced 
in such a way that process advantages are not 
exploited. 

For these reasons, solution heat treatment 
practices can be optimized for any specific part 
to achieve solution with the shortest reasonable 
cycle once production practice is finalized, 
even though most foundries and heat treaters 
will standardize a practice with a large margin 
of safety. There also exists a fundamental dif- 
ference between unmodified and modified al- 
loys in which the size and shape of silicon 
crystals are modified with additions of ele- 
ments such as calcium, sodium, strontium, or 
antimony. Modified alloys undergo rapid 
spheroidization, while complete spheroidiza- 
tion is not achieved in unmodified ^oys, even 
after very long times. The practical implication 
is that shorter solution heat treatment could be 
employed in folly modified castings. The mi- 

Transverse yield strength, ksi 




Transverse yield strength. MPa 

Fie. 27 Effect of siretching and aging on the 
^ toughness and yield strength of 2024 
sheet 
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.29 Effect of 3% permanent deformation in 
compression rT652 treatment) on distri- 
bution of stress in a large forging. Parallel and normal 
refer to warpage directions with respect to the plane 
of the saw cut. 



crosegregation of silicon and magnesium is not 
severe in the aluminum-silicon-magnesium 
casting alloys, and hence it takes only a short 
time to homogenize the alloy and to place the 
Mg 2 Si into solution. 

Quenchants. Quenching of aluminum cast- 
ings is often done in boiling water or a milder 
medium to reduce quenching stresses in complex 
shapes. A commercially in^rtant variety is a 
mixture of polyalkylene glycol and water, which 
has no detrimental efifea on properties for thick- 
nesses under approximately 32 mm (0.125 in.). 
Quenchant additions can be made for the follow- 
ing purposes: 

• To promote stable vapor film boiling by the 
deposition of compounds on the surface of 
parts as they are submerged in the quench 
solution 

• To suppress variations in heat flux by in- 
creasing vapor film boiling stability thi^gh 
chemically decreased quench solution sur- 
face tension 

• To moderate quench rate for a given water 
temperature 

The key to the compromise between goals 
involving property development and the physi- 
cal consequences of quenching is uniformity of 
heat extraction, which is in turn a complex 



function of the operable heat extraction 
mechanism. Nucleate, vapor film, and con- 
vective boiling occur with dramatically dif- 
ferent heat extraction rates at different 
intervals. Differences in section thickness, 
load density, positioning, racking methods, 
surface condition, and casting geometry also 
influence the results. 

Property Development. Yield strength 
is largely controlled by the hmiiing hardening- 
element level, and tensile strength (in a general 
sense) is related to the duaility at a given yield 
strength. Ductility, however, is controlled for a 
given yield strength by soundness and micros- 
tmctu^ fineness, and it is thus determined in 
the foundry and not by the heat treater. This 
effea of casting medio^ on property develop- 
ment is shown in Fig. 28. Because of the finer 
cast structure and higher suprersaturation of the 
more rapidly solidified permanoit-mold cast- 
ings, their tensile properties are superior to 
those of sand castings of the same composition 
siinilariy heat-treated. 

Tempers. Cast products of heat-treatable 
aluminum aUoys have the highest combina- 
tions of strengd), ductility, and lousiness when 
produced in T6-type tempers. Developing T6- 
type tempers in cast products requires the same 
sequence of operations employed in develop- 
ing tempers of the same type in wrought prod- 



ucts: solution heat treating, quenching, and 
precipitation heat treating. Premium-quality 
casting specifications such as MIL-A-21180 
can require different strengths and ductility 
levels in the same casting. 

Among precipitation treatments unique 
to castings are those resulting in the T5- and 
T7-typc tempers. The T5-type temper is pro- 
duced merely by applying a precipitation 
treatment to the as-cast casting, without pre- 
vious solution treatment. A moderate in- 
crease in strength is achieved without 
warpage and subsequent straightening. High 
hardness, and dimensional and strength sta- 
bility at elevated temperatures, account for 
the almost universal use of materials in T5- 
type tenors for pistons and other engine 
parts. Some applications denuuid combina- 
tions of strength, toughness, and dimen- 
sional stability that cannot be met by heat 
treating to T5, T6-, or T8-type tempers. For 
these applications, T7-type tempers are de- 
veloped by solution heat treating, quenching 
in a medium that provides a moderate cool- 
ing rate, and then precipitation heat treating 
at a temperature higher than those used to 
develop T5-, T6-, and T8-ty^ tempers. Heat 
treating to T7-type tempers results in lower 
strength than that of material in T6- or T8- 
type tempers, develops high ductility and 
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Plate 




Range of 
residual 



stress 
MPe ksi 

A 28 4.0 

6 86 12.4 

C 130 19.0 

D 165 24.0 



A: Cooled to -195 *C. then uphill 
quenched in a steam blast 
8: Cooled to -75 * C, then uphill 
quenched in a steam blast 
C: Cooled to -75 or -195 • C. then 
uphill quenched in boiling water 
0; Standard specimen, quenched and 
aged to T6 temper in conventional 
manner with no further treatment 



Fig. 30 f^®ctiveness of various uphill quenching 
® treatments in redudng residual quench- 
ing stresses in 201 4 plate. Uphill quenching treat- 
ments (single<ycle only) were applied from 
Vi to 1 to 1 h after quenching from the recom- 
mended solution-treating temperature. All specimens 
were aged to the T6 temper after uphill quenching. 



toughness, andcarriesprecipitation farenough 
to minimize further precipitation during serv- 
ice. - 



Stress Relief 



Immediately after being quenched, most 
aluminum alloys are nearly as ductile as they 
are in the annealed ctxidition. Consequently, it 
is often advantageous to stress relieve pans by 
working the metal immediately after quench- 
ing. Numerous attempts also have been made 
to develop a thermal treatment that will re- 
move, or appreciably reduce, quenching 
stresses. Normal precipitation heat-treating 
temperatures are generally too low to provide 
appreciable stress relief. Exposure to higher 
temperatures (at which stresses are relieved 
more effectively) results in lower properties. 
However, such treatments are sometimes used 
when even moderate reduction of residual 
stress levels is inqxmant enough so that some 
sacrifice in mech^cal properties can be ac- 
cqited. The T7-type temper for castings is a 
typical example of this kind of treatment. 

Mechanical Stress Relief. Deformation 
consists of strttdiing (bar, extnisitxis, and plate) 
or compressing (forgings) the product suffi- 
ciently to achieve a small but controlled amount 
(1 to 3%) of plastic deformation. If the benefits of 
mechanical stress relieving are needed, the user 
should refiain from reheat treating. 

Figure 29 illustrates the beneficial effect of 
3% permanent deformation in conqiression (Hi 
a large forging. 

These methods are most readily adaptable 
to mill and forge shop products, as they require 




Fig. 31 ‘'Phi” quenching on deflection of tines. Six-tine specimen was machined from SO by 50 mm 

in 1 h... h JL^ ll? ’ machined from 25 by 25 mm (1 by I in.) and 75 by 75 mm (3 by 3 

in.) bars had four and ei^t tines, respectively. ^ 



equipment of greater capacity than that found 
in most manufa^uring plants. Application of 
these methods to die forgings and extrusions 
usually requues construction of special dies 
and jaws. Stretching generally is limited to 



material of uniform cross section; however, it 
has been applied successfully to stepped extru- 
sions and to a 3 by 14 m (10 by 47 ft) aircraft 
wing skin roll-tapered to a thickness range of 
7.1 to 3.2 mm (0.280 to 0.125 in.). 
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Effects of reheating on tensiie properties 
of Aldad 2024-T81 sheet 



Table 1 1 Reheating schedules for wrought aluminum alloys 

The schedules given in this table normally will not decrease strength more than 5% 
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Table 1 2 Effects of annealing treatments 


on ductility of 7075-0 sheet 
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Specific combinations of the supplement 
tal digits are used to denote the tempers pro- 
duced when mechanical deformation is used 
primarily to relieve residual stresses induced 
during the quenching operation. For prod- 
ucts stress-relieved by stretching, the digits 
5 1 follow the basic Tx designation (T45 1 , for 
example). For products stress-relieved by 
compressive deformation, the supplemen- 
tary digits are 52. 

An additional digit is added to designa- 
tions for extrusions: zero specifies that the 
product has not been straightened after final 
stretching; one indicates that straightening 
may have been performed after final stretch- 
ing. 

Effect of Precipitation Heat Treating 
on Residual Stress. The stresses developed 
during quenching from solution heat treatment 
are reduced during subsequent precipitation 
heat treatment The degree of relaxation of 
stresses is highly dependent upon the time and 
temperature of the precipitation treatment and 
the alloy composition. In general, the precipi- 
tation treatments used to obtain the T6-type 
tempers provide only modest reduction in 
stresses, ranging from about 10 to 35%. To 
adiieve a substantial lowering of quenching 
stresses by thermal stress relaxation, higho’- 
temperature treatments of the T7 type are re- 
quired These treatmoits are used when the 
lower strengths resulting from overaging are 
acceptable. 

Other thermal stress-relief treatments, 
known as subzero treatment and cold stabiliza- 
tion, involve cycling of parts above and below 
room temperature. The temperatures chosen 
are those that can be readily obtained with 
boiling water and mixtures of dry ice and alco- 
hol — namely, 100 and -73 ®C (212 and -100 



®F) — and the number of cycles ranges from one 
to five. The maximum reduction in residual 
stress that can be effected by these techniques 
is about 25%. The maximum effect can be 
obtained only if the subzero step is performed 
first, and immediately after quenching from the 
solution treating temperature while yield 
strengffi is low. No benefit is gained from more 
than one cycle. 

A 25% reduction in residual stress is 
sometimes sufficient to permit fabrication of 
a part that could not be made without this 
reduction. However, if a general reduction is 
needed, as much as 83% relief of residual 
stress is possible by increasing the severity 
of the uphill quench (that is, more closely 
approximating the reverse of the cooling- 
rate differential during the original quench). 
This may be accomplished by a patented 
process that involves extending the subzero 
step to -195 (-320 ®F) and then very 

rapidly uphill quenching in a blast of live 
steam (Fig. 30). The rate of reheating is ex- 
tremely critical; therefore, to ensure proper 
application of the steam blast, a special fix- 
ture usually is required for each part. 

This process will not solve all problems 
of warpage in machining. It may reduce 
warpage internally but increase warpage of 
the extreme outer layers, although in the op- 
posite direction (Fig. 31). Also, the effect of 
the altered residual stress pattern on per- 
formance must be evaluated carefully for 
each part. This is particularly important for 
parts subjected to cyclic loading or exposed 
to corrosive environments such as marine 
atmospheres, especially if the process is in- 
troduced after the start of production and 
original performance tests are not repeated. 
Further disadvantages are the cost and hazard 



involved in handling liquid nitrogen and live 
steam. 



Effects of Reheating 

The precipitation characteristics of alumi- 
num alloys must be considered fiequently dur- 
ing evaluation of the effects of reheating on 
medianical properties and corrosion resis- 
tance. Sudi evaluations are necessary for deter- 
mining standard practices for manufacturing 
q^erations (such as hot forming and straightoi- 
ing, adhesive bonding, and paint and dry-film 
lubricant curing) and for evaluating the effects 
of both short-term and long-term e>qx>sure in 
elevated tenqieratuies in service. 

The stage of precipitation that exists in an 
alloy at the time of rdieating plays a significant 
role in the effects of reheating. C^cmsequoitly, it 
is extremely dangerous to rdteat material in a 
solution heat-treated temper without first care- 
fully testing die effects of such reheating. In 
(me suc^ test, 2024-T4 sheet was found to be 
very susceptible to intergranular corrosion 
when subjected to a 15 min drying operation at 
150 X (300 °F) during the first 8 b after 
(pienching. No susceptibility was evident when 
the same drying operation was perfenmed more 
than 16 h after quenching. In another test, 
7075-W (02 to ^ h) bar and plate were 
reheated for hot forming at 175 X (350 ®F) for 
20 min. Strengths after aging to die T6 temper 
were 10 to 15% lower than those for standard 
7075-T6. In (xmtrast, similar reheating of T6 
material for up to 1 h at 175 X (350 ®F) 
produced no detrimoital effect. 

If reheating is performed on material in the 
W or T4 condition, its effect can be estimated 
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Table 1 3 Typical full annealing treatments for some common wrought aluminum alloys 

These treatments, which anneal the material to the O temper, are typical for various sizes and methods of manufacture 
and may not exactly describe optimum treatments for specific items 



Metal tempentore Approximstt 

time at 



AHoy 


X 


•F 


tcmprralB 


1060 


345 


650 


(a) 


1100 


345 


650 


(a) 


1350 


345 


650 


(a) 


2014 


415(b) 


775(b) 


2-3 


2017 


415(b) 


775(b) 


2-3 


2024 


415(b) 


775(b) 


2-3 


2036 


385(b) 


725(b) 


2-3 


2117 


415(b) 


775(b) 


2-3 


2124 


415(b) 


775(b) 


2-3 


2219 


415(b) 


775(b) 


2-3 


3003 


415 


775 


(a) 


3004 


345 


650 


(a) 


3105 


345 


650 


(a) 


5005 


345 


650 


(a) 


5050 


345 


650 


(a) 


5052 


345 


650 


(a) 


5056 


345 


650 


(a) 


5083 


345 


650 


(a) 


5086 


345 


650 


(a) 


5154 


345 


650 


(a) 


5182 


345 


650 


(a) 


5254 


345 


650 


(a) 


5454 


345 


650 


(a) 


5456 


345 


650 


(a) 





McUl temperature 


Appradmat* 


Alloy 


X 


•F 


temperature, h 


5457 


345 


650 


(a) 


5652 


345 


650 


(a) 


6005 


415(b) 


775(b) 


2-3 


6009 


415(b) 


775(b) 


2-3 


6010 


415(b) 


775(b) 


2-3 


6053 


415(b) 


775(b) 


2-3 


6061 


415(b) 


775(b) 


2-3 


6063 


415(b) 


775(b) 


2-3 


6066 


415(b) 


775(b) 


2-3 


7001 


415(c) 


775(c) 


2-3 


7005 


345(d) 


650(d) 


2-3 


7049 


415(c) 


775(c) 


2-3 


7050 


415(c) 


775(c) 


2-3 


7075 


415(c) 


775(c) 


2-3 


7079 


415(c) 


775(c) 


2-3 


7178 


415(c) 


775(c) 


2-3 


7475 


415(c) 


775(c) 


2-3 


Braziiig sheet 


No. 1 1 and 12 


345 


650 


(a) 


No. 21 and 22 


345 


650 


(a) 


No. 23 and 24 


345 


650 


(a) 



U) Time m the furnace need not be longer than necessary to bring all pans of the load to appealing temperature. Coding rate is 
unimportani. (b> These treaimenls are intended to remove the cfTects of Mtlution treatment and include coding at a rate of about 30 *C/h 
<50 •F/h) from the annealing temperature to 260 T (500 *F). Rate of subscouent codtng is unimportant. Treatment at 345 *C C650 'FI. 
flowed by uncontrdkd coding, may be used to remove the effects of cold wort or to partly remove the cfTects of htai treatment, (c) 
These treatments are intended to remove the effects of sdution treatment and inchidc coding at an uncontrdled rate to 205 *C <400 *F) 
or kas. fdlowcd by reheating to 230 *C 1450 "F) for 4 h. Treatment at 345 *C (650 •Fl. fdlowed by uncontrdled coding, may be used 
to remove the effects of cold work or to partly remove the effects of heat treatment, (d) Coding rate to 205 X! <400 ’F) or below is less 
than or equal to 30 X/h (50 *F/h). 



from families of precipitation heat-treating 
curves such as those presented in Fig. 23. Such 
curves can also be used for reheating of pre- 
cipitation heat-treated material at the precipita- 
tion heat-treating temperature. For reheating at 
other temperatures, other data may be needed 
(Fig. 32). The heat treating and reheating 
curves may be used as the bases for limitations 
on reheating (Table 1 1 ). 



Annealing 

Annealing treatments employed for alumi- 
num alloys are of several types that differ in 
objective. Annealing times and temperatures 
depend on alloy type as well as on initial struc- 
ture and temper. 

Full Annealing. The softest, most ductile, 
and most workable condition of both non-heat- 
treatable and heat-treatable wrought alloys is pro- 
duced by full annealing to the temper d^ignated 
“O.” Strain-hardened products in this temper nor- 
mally become recrystallized, but hot-worked 
products may remain uniecrystallized. In the case 
of heat-treatable alloys, the solutes are precipi- 
tated sufficiently thoroughly to prevent nature 
age hardening. A higher maximum temperature 
and additional holding time at the lower tempera- 
ture generally are employed. 

For both heat-treatable and non-heat-treat- 
able aluminum alloys, reduction or elimination 
of the strengthening effects of cold working is 
accomplished by heating at a temperature firom 
about 260 to about 440 (500 to 825 ®F). The 

rate of softening is strongly temperature-de- 



pendent; the time required to soften a given 
material by a given amount can vary from 
hours at low temperatures to seconds at high 
temperatuies. 

[f the purpose of annealing is merely to 
remove the effects of strain hardening, heating 
to about 345 ®C (650 ®F) will usually suffice. 
If it is necessary to remove the hardCTing ef- 
fects of a heat treatment or of cooling from hot 
working temperatures, a treatment designed to 
produce a coarse, widely spaced precipitate is 
employed. This usually consists of soaking at 
4 1 5 to 440 ®C (775 to 825 ®F) followed by slow 
cooling (28 or 50 ®F/h, max) to about 260 

®C (500 ®F). The high diffusion rates that exist 
during soaking and slow cooling permit maxi- 
mum coalescence of precipitate particles and 
result in minimum hardness. 

As a result of this treatment, only partial 
precipitation occurs in Ixxx alloys, and a sec- 
ond treatment (soaking at 230 ± 6 ®C, or 450 ± 
10 ®F, for 2 h) is required. When the need arises 
for small additional improvements in formabil- 
ity, cooling at 28 (50 ®F/h) should be 

extended to 230 ®C (450 °F), and the material 
should be soaked at 230 ®C (450 ®F) for 6 h. 
The effects of eliminating or prolonging the 
230 °C (450 ®F) second step on the ductility of 
7075-0 sheet are compared with the standard 
treatment in Table 12. 

In annealing, it is important to ensure that 
the proper temperature is reached in all por- 
tions of the load; therefore, it is common to 
specify a soaking period of at least 1 h. The 
maximum annealing temperature is moder- 
ately critical; it is advisable not to exceed 415 
®C (775 ®F) because of oxidation and grain 



growth. The heating rate can be critical, espe- 
cially for alloy 3003, which usually requites 
rapid heating for prevention of grain growth. 
Relatively slow cooling, in still air or in the 
furnace, is recommended for ail alloys to mini- 
mize distortion. Typical annealing conditions 
used for some alloys in common use ate listed 
in Table 13. 

Products that can be heated and cooled very 
rapidly, such as wire, are annealed by continu- 
ous processes that require a total heating and 
cooling time of only a few seconds. Continu- 
ous annealing of coiled sheet is accomplished 
in a total lime of a few minutes. For these 
extremely rapid operations, maximum tem- 
perature may exceed 440 X (825 ®F). 

Although material annealed ftom the pre- 
cipitation-hardened condition usually has suf- 
ficient ductility for most forming operations, 
this ductility often is slightly lower than that of 
material that has not been subjected to prior 
heat treatment (that is, material annealed at the 
producing source). Therefore, when maximum 
ductility is required, annealing of a previously 
heat-treated product is sometimes unsuccess- 
ful. 

Partial Annealing. Annealing of cold- 
worked, non-heat-treaiable wrought alloys to ob- 
tain intermediate mechanical pr op er ti es (H2-type 
tempers) is referred to as partial annealing or 
recovery annealing. Temperannes used are below 
those that produce extensive recrystallizaticm, 
and incon^lete softening is accomplished by 
substructural changes in ^location density and 
rearrangement into cellular patterns (polygoniza- 
tion). The beiKiability and formabiiity of an alloy 
annealed to an H2-type temper generally are sig- 
nificamly higher than in an identical alloy in 
which an equal strength level is develc^red by a 
final oold-woiking operation (Hl-type temper). 
Treatments to produce H2-type t emp e rs require 
close control of tempeianire to achieve uniform 
and consistent mechanicai properties. 

Figure 33 shows changes in yield strength 
as ftmetions of temperature and time for sheet 
of two non-heai-treatable alloys (1100 and 
5052) initially in the highly coliworked con- 
dition (HI 8 temper). From these curves, it is 
apparent that by selecting appropriate combi- 
nations of time and temperature, mechaiucal 
properties intermediate to those of cold- 
woiked and fully annealed material can be ob- 
tained. It is also evident that yield strength 
depends much more strongly on temperature 
th^ on time of heating. 

Stress-Relief Annealing. For cold-woiked 
wrought aUoys, annealing merely to remove the 
effects of strain hardening is referred to as stress- 
relief annealing. Such treatments employ tem- 
peratures up to about 345 X (650 ®F)»^or up to 
400 ± 8 X (750 ± 15 ®F) for 3003 aUoy, and 
cooling to room temperature. No a^^neciabie 
holding time is required. Such treatment may 
result in full lecrystallization or simple recovery 
partial tecrystallization. Age hardening may fol- 
low stress-relief annealing of heat-treatable al- 
loys; however, a concentration of soluble 
alloying elements sufficient to cause natural ag- 
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Fig. 33 Representative isothermal anr>ealing curves for alloys 1 100-Hl 8 and 5052-Hl 8 





Fig. 34 views of a compressed specimen of aluminum alloy 7075-T6 displaying 'orange peel' effect. Ex- 
tensive microcracking is evident in the severely wnnkled surface. Microscopic examination of the sur- 
face revealed ectensive microcracking in the valleys of the wrinkles. 



ing remains in solid solution after such treat- 
ments. 

A special form of stress-relief temper is 
used for heat-treatable alloy products that sub- 
sequently will be inspected ultrasonicaUy. The 
product is heated to its normal solution heat- 
treating temperature, then cooled in still air to 
room temperature. This temper is referred to as 
the 01 temper. 

Controlied-Atmosphere Annealing and 
Stabilizing. Aluminum alloys that contain even 
ver>^ small amounts of magnesium will form a 
surface magnesium oxide unless the atmosphere 
in die annealing furnace is bee of moisture and 
oxygen. Examples include alloy 3004, which is 
used for cooling utensils and alloys of the 5xcc 
series. 

Another problem that control of the anneal- 
ing atmosphere helps to overcome or avoid is 
oil staining by oil-base roll lubricants that do 
not bum off at lower annealing temperatures. If 
the oxygen content of the furnace atmosphere 
is kept very low during such annealing, the oil 
will not oxidize and stain the work. 

Temperature control for full and partial 
annealing is somewhat more critical than for 
stress -relief annealing. The temperatures and 
times specified are selected to produce recrystal- 
lization and, in the case of heat-treatable alloys, a 
precq)itate of maximum size: for this the cooling 
rate must be closely controlled. Even allowing the 
load to cool in the furnace may result in an exces- 
sively high rate. Similarly, lowering the furnace- 
control instrument by 28 ®C (50 ®F) each hour 
may produce stepped cooling, which is nof satis- 
factory for severe fomiing operations. For maxi- 
mum softening, a continuous cooling rate of not 
more than 28 ®CVh (50 ®F/h) is recommended. 

Anealing of castings for 2 to 4 h at tem- 
peranires from 315 to 345 ®C (600 to 650 ®F) 
provides the most complete relief of residual 
stresses and precipitation of the phases formed by 
the excess solute retained in solid solution in the 
as-cast condition. Such annealing treatments pro- 
vide maximum dimensional stability for service 
at elevated temperatures. The annealed temper is 
designated “O.” (This temper was designated 
‘T2” prior to 1975.) 



Grain Growth 



Many of the aluminum alloys in common 
use are subject to grain growth during solution 
treatment or annealing. This phenomenon can 
occur during or after reciysiaUizaiion of mate- 
rial that has been subjected to a small critical 
amount of prior cold work. It is usually mani- 
fested by surface roughening during sub- 
sequent fabrication operations and frequently 
results in rejections for appearance or func- 
tional reasons. Less frequently, some deteriora- 
tion of mechanical properties is encountered, 
and this is undesirable regardless of surface 
roughening effeas. 

Degree of susceptibility to grain growth 
varies with alloy, struaure, chemical composi- 
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